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Influenza virus is rich in variation and mutations. It would be very convenient for virus detection and 
isolation to histochemically detect viral infection regardless of variation and mutations. Here, we established 
a histochemical imaging assay for influenza virus sialidase activity in living cells by using a new fluorescent 
sialidase substrate, 2-(benzothiazol-2-yl)-4-bromophenyl 5-acetamido-3,5-dideoxy-a-D-g7ycero-D- 
ga/acfo-2-nonulopyranosidonic acid (BTP3-Neu5Ac). The BTP3-Neu5Ac assay histochemically visualized 
influenza virus-infected cells regardless of viral hosts and subtypes. Influenza virus neuraminidase- 
expressed cells, viral focus formation, and virus-infected locations in mice lung tissues were easily, rapidly, 
and sensitively detected by the BTP3-Neu5Ac assay. Histochemical visualization with the BTP3-Neu5Ac 
assay is extremely useful for detection of influenza viruses without the need for fixation or a specific 
antibody. This novel assay should greatly improve the efficiency of detection, titration, and isolation of 
influenza viruses and might contribute to research on viral sialidase. 



I nfluenza viruses are highly- infectious respiratory pathogens of humans, animals, and birds that cause a serious 
I public health problems globally with social and economic impacts 1 . Influenza viruses cause diseases ranging 
I from mild respiratory illness to fatal pneumonia and contribute significantly to morbidity and mortality 
worldwide, but etiological diagnosis based on clinical parameters is difficult 2 . Rapid detection and isolation of 
the virus are important for public health action, such as epidemic prediction and prevention 3 ' 4 . For laboratory 
research and hygiene surveys, influenza infection detection has been based on the use of conventional methods 
such as observation of infected cell death 5,6 viral antigen staining 7 ' 8 , and viral gene detection. Since infection by 
some influenza viruses, mainly clinical isolates, is very difficult to detect due to weak ability to induce cell death, 
determination of infection only by observation of infected cell death is often inaccurate. Such a virus does not 
easily form plaques on an agarose overlay medium (generally called plaque assay), resulting in difficulty in virus 
titration and virus isolation. A method for immunochemical staining of the viral antigen is required for fixation 
pretreatment of cells and a specific antibody against each virus 9 . Because of the continuous variability of viral 
antigens, preparing a specific anti-virus antibody for every virus epidemic could be extremely hard work. A 
method for detection of the viral gene is the most sensitive and specific. However, the high variability of a viral 
gene might give rise to a mismatch of primer sequences. Also, a gene detection method requires costly equipment. 
An immunohistochemical method enables local detection of infected cells and regions, but a gene detection 
method does not. Local detectability of virus infection is a very important factor for obtaining virus infection 
information and for virus titration and virus isolation in laboratory research and hygiene surveys. 

A benzothiazolylphenol derivative (named BTP3) is a crystalline, water-insoluble, acid-resistant, and fluor- 
escently stable compound (Ex/Em = 372 nm/526 nm) 10,11 . The large Stokes shift of BTP3 is advantageous for 
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Figure 1 | Reaction scheme of BTP3-Neu5Ac for fluorescent and 
histochemical imaging of influenza virus sialidase activity. Water-soluble 
BTP3-Neu5Ac is separated into Neu5Ac and BTP3 by sialidase activity. 
The water-insoluble fluorescent compound BTP3 is deposited at the 
location of sialidase activity and illuminates green fluorescence by UV 
irradiation (Ex/Em = 372 nm/526 nm). 
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preventing effects of excitation light, self-absorption, and noise fluor- 
escence derived from cells and tissues. We have developed a new 
fluorescent sialidase substrate of BTP3 with iV-acetylneuraminic acid 
(Neu5Ac), 2-(benzothiazol-2-yl)-4-bromophenyl 5-acetamido-3,5- 
dideoxy-a-D-^/ycero-D-^a/acto-2-nonulopyranosidonic acid (named 
BTP3-Neu5Ac), for performing fluorescent imaging of mammalian 
sialidase activity in tissues and cells, such as rat brain tissues and 
human cancer cells, that show elevated sialidase activity 11 . Water- 
soluble BTP3-Neu5Ac produces water-insoluble BTP3 by sialidase 
reaction. Although BTP3-Neu5Ac itself is not fluorescent, BTP3 
should be locally deposited in a location of sialidase activity, enabling 
fluorescent and histochemical imaging of sialidase activity (Fig. 1). 
Influenza A and B viruses have a viral surface neuraminidase gly- 
coprotein (NA), which shows high sialidase activity 12 and is 
expressed on the surface membranes of infected cells 13 " 16 . In the late 
step of virus infection, the viral NA accumulates on the surface 
membranes of infected cells. This accumulation significantly 
increases sialidase activity on the surface membranes of infected 
cells, suggesting that BTP3-Neu5Ac would enable rapid and sensitive 
detection of infected cells. Although 4-methylumbelliferyl-Neu5Ac 
(4MU-Neu5 Ac) 17-20 and 1,2-dioxetane derivative of Neu5Ac (NA- 
star) 21 are conventionally used as highly sensitive sialidase substrates, 
these substrates produce a water-soluble fluorescent and chemi- 
luminescent compound, respectively, and cannot be used for local 
detection of sialidase activity in cells or tissues. Here, we show the 
usefulness of BTP3-Neu5Ac for histochemical imaging of sialidase 
activity on the infected cells with no need for cell fixation or a specific 
anti-virus antibody. 

Results 

Fluorescent visualization of influenza A virus sialidase activity by 
staining with BTP3-Neu5Ac. To confirm the substrate reactivity of 
BTP3-Neu5Ac for sialidase activity of influenza A virus NA, we 
performed fluorescent visualization of influenza A virus blotted on 
polyvinylidene difluoride (PVDF) membranes with BTP3-Neu5Ac. 
Virus-blotted membranes were incubated with 10 or 100 |iM BTP3- 
Neu5Ac at 37°C for 10 min or 1 hr. The use of 10 uM and 100 |iM 
BTP3-Neu5Ac for 10 min enabled fluorescent detection up to 2" 3 
and 2" 4 in viral hemagglutination unit (HAU) titer, respectively 
(Fig. 2a). Also, the use of 10 jiM and 100 jiM BTP3-Neu5Ac for 
1 hr enabled fluorescent detection up to 2" 5 and more than 2" 8 in 
viral HAU titer, respectively (Fig. 2b). The fluorescent detection was 
incubation time- and viral dose-dependent and was completely 
inhibited in the presence of zanamivir, a specific sialidase inhibitor 
of influenza A and B viruses (Fig. 2a and 2b). These results indicated 
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Figure 2 | Fluorescent visualization of influenza A virus blotted on a 
PVDF membrane by using the BTP3-Neu5Ac assay. A PVDF membrane 
was dot-blotted with 2-fold dilutions (2 2 to 2" 8 HAU) of avian influenza A 
virus strain A/duck/Hong Kong/313/4/1978 (H5N3). The membrane was 
incubated with 10 and 100 uM BTP3-Neu5Ac at 37°C for 10 min (a) or 
1 hr (b) in the absence or presence of 1 uM zanamivir. 

that BTP3-Neu5Ac was a suitable substrate for very rapid (within 
10 min) and sensitive detection of influenza A virus sialidase activity. 

Histochemical visualization of virus-infected cells by using the 
BTP3-Neu5Ac assay. We examined the usefulness of BTP3- 
Neu5Ac for histochemical visualization of influenza virus -infected 
cells. Madin-Darby canine kidney (MDCK) cells were infected with 
avian influenza A virus strain A/duck/Hong Kong/313/4/1978 
(H5N3) for 12 hr and incubated with BTP3-Neu5Ac at 37°C for 
10 min. The infected cells were fluorescently and histochemically 
visualized in a virus dose- dependent manner (Fig. 3a). The 
fluorescence was completely inhibited in the presence of zanamivir 
(Fig. 3b), indicating that the fluorescence with BTP3-Neu5Ac was 
dependent on the viral sialidase activity but not on endogenous 
mammalian sialidase activity. Moreover, a fluorescence image with 
BTP3-Neu5Ac coincided with an immunohistochemical image with 
anti-influenza A virus NA monoclonal antibody (Fig. 3c). Sialidase 
activity of the fixed cells expressing NA remained approximately 66% 
of that of the non-fixed cells expressing NA (see Supplementary Fig. 
SI online). Cells infected with old human influenza A virus strains 
[A/PR/8/1934 (H1N1) and A/Memphis/ 1/1 971 (H3N2)], a recent 
clinical strain [A/Shizuoka/833/2009 (HINlpdm)], and influenza 
B virus strain (B/Lee/1940) were clearly detected by the BTP3- 
Neu5Ac assay (Fig. 3d). The results indicate that the BTP3- 
Neu5Ac assay is applicable to sialidase activities of all influenza 
viruses, regardless of the host, surface antigens (subtypes), and 
internal antigens (A and B types). We also obtained high 
magnification images of intracellular staining of fixed infected cells 
with BTP3-Neu5Ac by using confocal laser microscopy. In infected 
cells at 8 hr postinfection, distribution of viral NA proteins coincided 
with fluorescence of BTP3 (Fig. 4). 

Histochemical visualization of genetically NA-expressed cells by 
using the BTP3-Neu5Ac assay. We checked the usefulness of the 
BTP3-Neu5Ac assay for histochemical visualization of genetically 
NA-expressed cells. We transfected the viral NA gene into African 
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Figure 3 | Histochemical visualization of virus-infected cells by using the BTP3-Neu5Ac assay, (a) MDCK cells were infected with avian influenza A 
virus strain A/duck/Hong Kong/313/4/1978 (H5N3) at a multiplicity of infection (MOI) of 0.01 to 1. After culture for 12 hr, the infected cells were 
incubated with 10 uM BTP3-Neu5Ac at 37°C for 10 min. (b) MDCK cells were infected with A/duck/Hong Kong/313/4/1978 (H5N3) and cultured for 
12 hr. The infected cells were incubated with 10 uM BTP3-Neu5Ac in the absence or presence of zanamivir at 37°C for 10 min. (c) MDCK cells were 
infected with A/duck/Hong Kong/313/4/1978 (H5N3) and cultured for 10 hr. The infected cells were fixed with 4% paraformaldehyde-PBS and 
immunostained with mouse anti-NA monoclonal antibody (red). Then the immunostained cells were incubated with 10 uM BTP3-Neu5Ac at 37°C for 
3 min (green), (d) MDCK cells were infected with influenza A virus strains [A/PR/8/1934 (H1N1), A/Memphis/1/1971 (H3N2), and A/Shizuoka/833/ 
2009 (HINlpdm)], and influenza B virus strain (B/Lee/1940). After culture for 12 hr, the infected cells were incubated with 10 uMBTP3-Neu5Acat37°C 
for 10 min. Scale bars indicate 200 (am. 



green monkey kidney (COS7) cells and stained the NA-expressed 
cells with 10 uM BTP3-Neu5Ac. The NA-expressed cells of A/duck/ 
Hong Kong/313/4/1978 (H5N3) were histochemically visualized at 
37°C for 5 min. The fluorescence was completely inhibited in the 
presence of zanamivir, indicating that the fluorescence with BTP3- 
Neu5Ac was dependent on sialidase activity of genetically expressed 
NA (Fig. 5a). All NA-expressed cells, including cells expressing 1918 
pandemic Spanish flu NA [A/Brevig Mission/1/1918 (H1N1)], 
highly pathogenic avian influenza A virus NA [A/chicken/Shimane/ 
1/2010 (H5N1)], and H7N9 avian influenza A virus NA isolated 
from humans in 2013 [A/Anhui/1/2013 (H7N9)], were clearly de- 
tected by the BTP3-Neu5Ac assay (Fig. 5b). These results strongly 
suggest that the BTP3-Neu5Ac assay is applicable to sialidase 
activities of new subtype (pandemic) viruses among humans and 
to avian viruses including highly pathogenic avian viruses. 



Anti-NA antibody BTP3-Neu5Ac Merge 




Figure 4 | Intracellular staining of infected cells with BTP3-Neu5Ac. The 

cells were infected with A/duck/Hong Kong/313/4/1978 (H5N3) and 
incubated at 37°C for 8 hr. The infected cells were fixed with 
paraformaldehyde and permeabilized. The cells were double-stained by 
anti-NA antibody and BTP3-Neu5Ac. Fluorescent images were obtained 
by confocal laser microscopy. A bar indicates 10 um. 
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Figure 5 | Histochemical visualization of genetically NA-expressed cells by using the BTP3-Neu5Ac assay, (a) COS7 cells were transfected with the NA 
gene of A/duck/Hong Kong/313/4/1978 (H5N3). After culture for 24 hr, the transfected cells were incubated with 10 uM BTP3-Neu5Ac in the absence or 
presence of 1 uM zanamivir at 37°C for 5 min. (b) COS7 cells were transfected with each NA gene of A/Brevig Mission/ 1/19 18 (H1N1), A/chicken/ 
Shimane/1/2010 (H5N1), and A/Anhui/1/2013 (H7N9). After culture for 24 hr, the transfected cells were incubated with 10 uM BTP3-Neu5Ac at 37°C 
for 5 min. Scale bars indicate 200 um. 



Histochemical visualization of viral focus formation by using the 
BTP3-Neu5Ac assay. The plaque assay is a traditional method for 
virus titration and isolation. Influenza A and B viruses form plaques 
on an agarose- overlaid cell monolayer through cell destruction by 
virus-induced apoptosis. However, some of the viruses do not show 
obvious sizes of plaques. Therefore, we examined the usefulness of 
BTP3-Neu5Ac for fluorescence visualization of viral focus forma- 
tion. MDCK cells were infected with influenza A virus strain A/ 
WSN/1933 (H1N1) and cultured for 2 days after overlaying on an 
agarose- containing medium. By dropping BTP3-Neu5Ac solution 
onto the agarose-containing medium, localized clusters of the virus- 
infected cells (foci) at the bottom of a plate were fluorescently and 
distinctly visualized under UV irradiation (Fig. 6a). Furthermore, the 
viruses isolated from the BTP3 -stained focus retained viral growth 
ability (data not shown), confirming the useful availability of BTP3- 
Neu5Ac for virus isolation. Most clinical influenza virus isolates do 
not form clear plaques. We also confirmed that the BTP3-Neu5Ac 
assay was applicable to fluorescence visualization of viral foci of the 
recent clinical influenza A virus strain A/Shizuoka/833/2009 
(HINlpdm), which did not show clear plaque formation (Fig. 6b). 
The BTP3-Neu5Ac assay would be a powerful tool for detection of 
viruses showing weak or no clear plaque-forming ability in the 
traditional plaque assay, contributing to the effectiveness of virus 
titration and isolation of such viruses. 

Histochemical visualization of virus-infected tissue in the mouse 
lung by using the BTP3-Neu5Ac assay. We examined the usefulness 
of BTP3-Neu5Ac for histochemical visualization of virus-infected 
tissues in vivo. Mice were intranasally infected with influenza A 
virus strain A/PR/8/1934 (H1N1). After fixation with paraformal- 
dehyde, lung tissues at 1 day postinfection were sliced into 10-}im- 
thick sections and incubated with BTP3-Neu5Ac at 37°C for 20 min. 



Distinct green fluorescence was observed at bronchiole mucosa in 
virus -infected lung sections but not in mock- infected lung sections 
(Fig. 7). When the virus -infected lung sections were incubated with 
20 |iM BTP3-Neu5Ac in the presence of 1 |iM zanamivir, the 
fluorescence with BTP3-Neu5Ac was completely inhibited (Fig. 7), 
confirming specificity of the BTP3-Neu5Ac assay for influenza A 
virus sialidase. These results indicated that the imaging assay of 
sialidase activity using BTP3-Neu5Ac is also applicable to virus- 
infected tissues in vivo. 

Discussion 

Histochemical detection of influenza virus infection provides very 
important information for both laboratory research and hygiene 
survey. Such detection has conventionally been performed by an 
immunochemical method, which requires a specific anti-virus anti- 
body in addition to cell fixation. In the present study, we established 
an easy, rapid, and sensitive histochemical detection method using a 
novel fluorescent sialidase substrate, BTP3-Neu5Ac, with no need for 
a specific anti-virus antibody or cell fixation. Generally, an immuno- 
histochemical method takes at least 1 hr (30 min each for primary 
and secondary antibody reactions) until complete detection of anti- 
gens, whereas the BTP3-Neu5Ac assay is almost completed within 5 
to 20 min. The protocol is also much easier because only replace- 
ment of the culture supernatant with a BTP3-Neu5 Ac-containing 
medium or buffer is needed for the BTP3-Neu5Ac assay, unlike 
the conventional immunohistochemical method. RT-PCR is usually 
the most sensitive and specific method for virus gene detection and 
virus subtype elucidation. However, this method is unsuitable for 
histochemical detection of virus infection. Since the RT-PCR method 
needs an extremely specific primer to detect the target gene, detection 
for new subtype virus occurrence is predicted to be somewhat incon- 
venient. The BTP3-Neu5Ac assay should be applicable to all 
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Figure 6 | Fluorescent visualization of viral focus formation using BTP3- 
Neu5Ac. MDCK cells were infected with influenza A virus strain A/WSN/ 
1933 (H1N1) (a) or A/Shizuoka/833/2009 (HINlpdm) (b). The infected 
cells were overlaid with a serum-free medium (SFM) containing 0.8% 
agarose and 2 ug/ml acetylated trypsin. After culture for 2 days (a) or 3 
days (b), 100 ul of 200 uM BTP3-Neu5Ac was dropped onto the overlaid 
agarose-containing medium. After incubation at 37°C for 15 min, the 
plate was observed under UV irradiation at 354 nm. 

influenza viruses possessing sialidase activity, regardless of subtype, 
host, and gene variability. The RT-PCR method needs a more com- 
plicated protocol compared to the BTP3-Neu5Ac assay. Thus, the 
new assay has many advantages compared to the conventional meth- 
ods for detection of virus infection. Fluorescence staining also has 
general advantages: it is more sensitive than observation with visible 
light and can be used for multi-color staining, though fluorescent 
observation of BTP3 requires preparation of appropriate excitation 
and emission filters, and UV excitation provokes large autofluores- 
cence, which can be distinguished from fluorescence of BTP3 by its 
large Stokes shift. 

Many hygiene survey facilities often use RT-PCR for primary virus 
detection. However, for the purpose of virus isolation, some facilities 
are still using optical microscopic observation of virus -induced cell 
death in cell culture to which each clinical sample has been added for 
primary virus detection. In such facilities, the BTP3-Neu5Ac assay 
would be an extremely convenient tool for primary virus screening 
because of its easiness, rapidness, and sensitiveness. In virus titration 
and isolation, the BTP3-Neu5Ac assay would also be useful for clear 
visualization of the viral foci, even though viral plaques are often 
invisible due to weak virus -inducing apoptosis ability, which is often 
observed on clinical isolates. Since BTP3 and BTP3-Neu5Ac show no 
cytotoxicity 11 , virus isolation and proliferation can be started imme- 
diately and directly from a fluorescently visualized foci. In the case of 
screening of influenza A and B viruses by using the BTP3-Neu5Ac 
assay, the virus can be confirmed with inhibition of fluorescence by 
zanamivir, which is a specific sialidase inhibitor against influenza A 
and B viruses. A zanamivir-resistant virus or a sialidase -deficient 
virus has not yet become epidemic in humans, birds, pigs, and horses. 
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Figure 7 | Histochemical visualization of virus- infected tissue in the 
mouse lung by using the BTP3-Neu5Ac assay. Mice were intranasally 
infected with influenza A virus strain A/PR/8/1934 (H1N1). After fixation 
with 4% paraformaldehyde-PBS, lung sections at 1 day postinfection were 
incubated with 20 uM BTP3-Neu5Ac at 37°C for 20 min. Mock lung 
sections were from mice intranasally inoculated with PBS only. Scale bars 
indicate 200 urn. The lung sections were incubated with 20 uM BTP3- 
Neu5Ac in the presence of 1 uM zanamivir to confirm specificity of the 
BTP3-Neu5Ac assay for influenza A virus sialidase. Scale bars indicate 
200 um. 

For that reason, in these species, there is no natural influenza A or B 
virus that can escape from detection with the BTP3-Neu5Ac assay. 

To fluorescently visualize virus infection in living cells, influenza A 
viruses carrying a reporter gene such as green fluorescent protein 
(GFP) have been created by reverse genetics 22 " 24 . For example, once 
cells are infected with a virus carrying GFP as a reporter gene, the 
infected cells are confirmed by green fluorescence from GFP express- 
ion, with no need for fixation or an anti-virus antibody. However, 
this method is only applicable to genetically artificial viruses. On the 
other hand, it is expected that the use of BTP3-Neu5Ac will enable 
detection of all influenza A and B virus infections showing sialidase 
activity in living cells, regardless of whether the strains are natural or 
artificial, with no need for fixation or an anti-virus antibody. 

We previously demonstrated fluorescent histochemical visualiza- 
tion of the sialidase activity of influenza A virus using 5-bromo-4- 
chloroindol-3-yl-Neu5Ac (X-Neu5Ac) and Fast Red Violet LB 25 . 
However, this method has two major disadvantages: (i) its sensitivity 
to sialidase activity is very low due to the requirement of two reac- 
tions of sialidase and oxidation before staining, and nonspecific sig- 
nals are therefore easily detected due to the long reaction time, and 
(ii) oxidation reaction to generate a fluorescent compound is less 
efficient at pH of more than 5. This condition is unsuitable for 
sialidase of most seasonal human and swine viruses and highly 
pathogenic H5N1 avian viruses, which lose sialidase activity at pH 
below 5 because of their low-pH -unstable NA 26 " 31 . Since BTP3- 
Neu5Ac is a rapid and sensitive sialidase substrate of influenza virus, 
independent of pH, there is no problem regarding these issues for X- 
Neu5Ac 10 . 

In the present study, we fixed cells with paraformaldehyde for 
immunohistochemical staining (Fig. 3c) and for infected mouse tis- 
sue staining (Fig. 7) before incubation with BTP3-Neu5Ac, and 
we detected sialidase activity of the fixed cells with BTP3-Neu5Ac. 
All other assays were performed in non-fixed live cells. We also 
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previously reported that viral sialidase activity was detected after 
fixation with paraformaldehyde 25 . Moreover, sialidase activity of 
the fixed cells expressing NA remained approximately 66% of that 
of the non-fixed cells expressing NA (see Supplementary Fig. SI 
online). Paraformaldehyde is thought to sustain protein structure 
to some extent, enabling determination of protein function such as 
enzyme activity. 

Sialidase activity of influenza virus NA is known to facilitate 
release of progeny viruses from the surface membranes of infected 
cells and to prevent self- aggregation among progeny viruses by cleav- 
age of sialic acid from sialo-glycoconjugates on the surface mem- 
branes of infected cells and on viral surface glycoproteins. However, 
some studies have suggested that NA plays an important role for not 
only these steps but also for the cell entry step of a virus under the 
condition of receptor attachment and endocytosis 25,29,31 " 34 . To invest- 
igate novel roles of viral sialidase activity, it is necessary to develop a 
breakthrough method to trace viral sialidase activity within the 
infected cells, especially during the process of viral cell entry. We 
are trying to establish such a method using BTP3-Neu5Ac deriva- 
tives. For both virological research and hygiene surveys, if BTP3- 
Neu5Ac becomes commercially available, it would be extremely 
useful tool for easy, rapid, and sensitive histochemical detection of 
influenza A and B virus infections in vitro and in vivo. We are now 
studying the usefulness of BTP3-Neu5Ac for other viruses that have 
sialidase, such as Newcastle disease virus, Sendai virus, mumps virus, 
and human parainfluenza virus. Even if these viruses are detected by 
the BTP3-Neu5Ac assay, influenza A and B viruses can be distin- 
guished from other virus infections by fluorescent inhibition using a 
specific sialidase inhibitor such as zanamivir. Further studies using 
BTP3-Neu5Ac should greatly improve the efficiency of detection, 
titration, and isolation of influenza A and B viruses and may con- 
tribute to progress in research on their NAs. 

Methods 

Cells and viruses. MDCK cells were grown in minimum essential medium (MEM) 
supplemented with 5% fetal bovine serum. COS7 cells were grown in Dulbecco's 
MEM supplemented with 10% fetal bovine serum. Influenza A virus strains, A/duck/ 
Hong Kong/313/4/1978 (H5N3), A/WSN/1933 (H1N1), A/PR/8/1934 (H1N1), and 
A/Memphis/ 1/1971 (H3N2), were propagated in the allantoic sacs of 10-day-old 
embryonated eggs and purified by sucrose density gradient centrifugation as 
described previously 35 . Influenza A virus strain A/Shizuoka/833/2009 (HINlpdm) 
and influenza B virus strain B/Lee/1940 were grown in MDCK cells. 
Hemagglutination units (HAU) of the viruses were determined as described 
previously 36 . HAU were expressed as the highest dilution of the virus suspension 
giving complete agglutination of guinea pig erythrocytes. 

Histochemical visualization of influenza A virus blotted on a membrane by using 
the BTP3-Neu5Ac assay. PVDF membrane was activated with methanol and washed 
twice 10 min each time. Two-fold dilutions of virus suspensions were dot-blotted on 
PVDF membranes with a Hybri. Slot 24 slot blotting apparatus (Core Life Sciences, 
California, USA). The virus blotted on the PVDF membrane was washed three times 
and incubated with 10 or 100 uM BTP3-Neu5Ac at 37°C for 10 min or 1 hr. Images 
of the virus -blotted membrane were obtained during UV irradiation by using 
Lumivision Pro HR (AISIN SEIKI Co., Ltd., Aichi, Japan) with a DR655 green 
enhancer filter. To confirm specificity of the BTP3-Neu5Ac assay for detection of 
influenza virus sialidase activity, the virus-blotted membrane was incubated with 
10 uM BTP3-Neu5Ac in the presence of 1 uM zanamivir, a specific sialidase 
inhibitor of influenza A and B viruses. 

Focus-forming assay. Virus titers were determined by an endpoint dilution and 
immunohistochemical focus-forming assay as described previously 29 . Briefly, viruses 
were serially diluted in a serum-free medium, Hybridoma-SFM (SFM; Invitrogen 
Corp., California, USA). MDCK cells on a 6-well plate were infected with 1 ml of the 
virus dilutions at 37°C for 30 min. After washing with phosphate buffered saline 
(PBS), the cells were cultured in SFM containing 1.2% Avicel (FMC BioPolymer, 
Pennsylvania, USA) and 2 ug/ml acetylated trypsin for an additional 24 hr 37 . After 
fixing with methanol, cells were incubated with anti- influenza A virus nucleoprotein 
(NP) monoclonal antibody (4E6) 38 , followed by incubation with horseradish 
peroxidase-conjugated goat anti-mouse IgG + M. The infected cells were stained as 
described previously 14,29 ' 35 . Virus titers [focus-forming units (ffu)] were measured by 
counting viral foci. 

Histochemical visualization of infected cells by using the BTP3-Neu5Ac assay. 
MDCK cells on a 24-well plate (1 X 10 5 cells/well) were cultured for 24 hr. The cells 



were infected with influenza A virus strain A/duck/Hong Kong/313/4/1978 (H5N3) 
at a multiplicity of infection (MOI) of 0.01 to 1 in 250 ul/well of SFM at 37°C for 
30 min. After washing with PBS again, the cells were cultured in 500 ul/well of SFM at 
37°C for an additional 12 hr. After wash with PBS, the infected cells were incubated 
with 10 uM BTP3-Neu5Ac in SFM at 250 ul/well at 37°C for 10 min. For an 
additional experiment using zanamivir, MDCK cells were infected with A/duck/ 
Hong Kong/313/4/1978 (H5N3) at an MOI of 0.1 and cultured in SFM at 37°C for an 
additional 12 hr. The infected cells were incubated with 10 uM BTP3-Neu5Ac in the 
absence or presence of 1 uM zanamivir at 37°C for 10 min. For 
immunohistochemical detection of infected cells, MDCK cells were infected with A/ 
duck/Hong Kong/313/4/1978 (H5N3) at an MOI of 0.001 and cultured at 37°C for 
12 hr. The infected cells were fixed with 4% paraformaldehyde- PBS at room 
temperature for 10 min and incubated with mouse anti-A/duck/Hong Kong/313/4/ 
1978 (H5N3) NA monoclonal antibody (4D12D5; no NA neutralizing activity), 
generated as described previously 39 , at room temperature for 30 min. The infected 
cells were incubated with tetramethyl rhodamine (TRITC) -conjugated goat anti- 
mouse IgG secondary antibody (Sigma- Aldrich Corp., Missouri, USA). After 
immunohistochemical reaction, the infected cells were incubated with 10 uM BTP3- 
Neu5Ac at 37°C for 3 min. For additional 4 influenza A and B virus strains [A/PR/8/ 
1934 (H1N1), A/Memphis/ 1/1971 (H3N2), A/Shizuoka/833/2009 (HINlpdm), and 
B/Lee/1940], MDCK cells were infected with each virus at an MOI of 0.01 to 0.1 and 
cultured at 37°C for 12 hr. The infected cells were incubated with 10 uM BTP3- 
Neu5Ac at 37°C for 10 min. Fluorescent images were obtained during UV irradiation 
by using an 1X71 fluorescence microscope (Olympus Co., Ltd., Tokyo, Japan) 
equipped with a fluorescent filter (U-MWU2, DM400, BP336-385, and BA420 for 
BTP3 fluorescence or U-MWIG3, DM570, BP530-550, and BA575IF for TRITC 
fluorescence). 

Intracellular double-staining of infected cells with anti-NA antibody and BTP3- 
Neu5Ac. MDCK cells in an 8-well Teflon printed glass slide plate (1 X 10 3 cells/well) 
were cultured at 37°C for 24 hr. The cells were infected with A/duck/Hong Kong/3 13/ 
4/1978 (H5N3) at an MOI of 100 at 37°C for 30 min. After washing with PBS, the cells 
were cultured in SFM at 37°C for 8 hr. The infected cells were fixed with 4% 
paraformaldehyde- PBS at room temperature for 30 min and permeabilized with 
0.05% TritonX-100-PBS at room temperature for 30 min. The cells were incubated 
with 10 uM BTP3-Neu5Ac at room temperature for 30 min. After washing with PBS, 
the cells were incubated with mouse anti-NA monoclonal antibody (4D12D5) against 
A/duck/Hong Kong/313/4/1978 (H5N3) at room temperature for 30 min. The cells 
were incubated with TRITC-conjugated goat anti-mouse IgG secondary antibody 
(Sigma- Aldrich Corp., Missouri, USA). After adding SlowFade Gold antifade reagent 
(Invitrogen Corp., California, USA), fluorescent images were obtained by using an 
LSM510meta confocal laser microscope (Carl Zeiss, Oberkochen, Germany). 

Histochemical visualization of genetically NA-expressed cells by using the BTP3- 
Neu5Ac assay. We used an expression plasmid vector containing the NA gene from 
influenza A virus strains A/duck/Hong Kong/313/4/1978 (H5N3), A/Brevig Mission/ 
1/1918 (H1N1), A/chicken/Shimane/1/2010 (H5N1), and A/Anhui/1/2013 (H7N9). 
The NA gene of A/duck/Hong Kong/313/4/1978 (H5N3) was amplified from viral 
RNA by RT-PCR method and inserted into EcoR I site of the expression pCAGGS/ 
MCS vector 27,28 . The pCAGGS vector containing the NA gene of A/Brevig Mission/ 1/ 
1918 (H1N1) has been described previously 29 . The NA gene of A/chicken/Shimane/1/ 
2010 (H5N1) was amplified from viral RNA by RT-PCR method, which was kindly 
provided by Dr. Yuko Uchida and Dr. Takehiko Saito (National Institute of Animal 
Health in Japan), and inserted into the restriction enzyme sites between EcoR I site 
and Sph I site of the pCAGGS/MCS vector. The NA gene of A/Anhui/1/2013 (H7N9) 
was PCR- amplified from pHH21 vector containing the NA gene, which was kindly 
provided by Dr. Yoshihiro Kawaoka (University of Wisconsin and University of 
Tokyo), and inserted into the restriction enzyme sites between Kpn I site and Sph I site 
of the pCAGGS/MCS vector. Primer sequences are available upon request. 

COS7 cells on a 48- well plate (5 X 10 4 cells/well) were cultured for 24 hr. The cells 
were transfected with the pCAGGS vector containing the NA gene (50 ng/well) using 
transfection reagent Trans-IT LT1 (Mirus, Wisconsin, USA), according to manu- 
facturer's instructions. After 24 hr, the transfected cells were incubated with 150 ul/ 
well of SFM containing 10 uM BTP3-Neu5Ac at room temperature for 5 min. 
Fluorescent images were obtained by using a fluorescent microscope. 

Fluorescent focus-forming assay using BTP3-Neu5Ac. A monolayer of MDCK cells 
in a 6-well plate was infected with serial dilutions of influenza A virus strain A/WSN/ 
1933 (H1N1) or A/Shizuoka/833/2009 (HINlpdm) for 30 min and covered with 
2 ml/well of an overlay SFM medium containing 0.8% agarose and 2 ug/ml acetylated 
trypsin. After 2 or 3 days at 37°C, 100 ul of 200 uM BTP3-Neu5Ac was dropped onto 
the overlay medium and incubated at 37°C for 20 min. The plate was observed under 
a UV illuminator at 354 nm. 

Histochemical visualization of lungs from influenza A virus-infected mice by 
using the BTP3-Neu5Ac assay. Specific pathogen-free 6-to- 8- week-old female mice 
(BALB/c) were intranasally infected with 25 ul (1 X 10 7 ffu)/mouse of influenza A 
virus strain A/PR/8/1934 (H1N1). Lung tissues from virus-infected mice at 1 day 
postinfection were fixed with 4% paraformaldehyde- PBS at room temperature for 
10 min and embedded in Tissue-Tek O.C.T. compound (Sakura Finetechnical Co., 
Ltd., Tokyo, Japan). After being frozen, sections were cut at 10 um in thickness at 
— 25°C, affixed on glass slides, and fixed in 4% paraformaldehyde-PBS for 15 min. 
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After wash with PBS, the lung sections were incubated with 20 uM BTP3-Neu5Ac in 
10 mM acetate buffer (pH 6.0) containing 1 mM calcium chloride at 37°C for 
20 min. To confirm viral sialidase specificity of BTP3-Neu5Ac for fluorescent 
imaging of virus -infected tissues, a viral sialidase inhibitory experiment using 1 uM 
zanamivir was performed simultaneously. All animal experiment procedures were 
carried out with institutional approval. 
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